PMCA2, a major calcium pump, is expressed at particularly high levels in Purkinje neurons. Accordingly, PMCA2-null mice exhibit ataxia suggesting cerebellar pathology. It is not yet known how changes in PMCA2 expression or activity affect molecular pathways in Purkinje neurons. We now report that the levels of metabotropic glutamate receptor 1 (mGluR1), which plays essential roles in motor coordination, synaptic plasticity, and associative learning, are reduced in the cerebellum of PMCA2-null mice as compared to wild type littermates. The levels of inositol 1,4,5-triphosphate receptor type 1 (IP3R1), an effector downstream to mGluR1, which mediates intracellular calcium signaling, and the expression of Homer 1b/c and Homer 3, scaffold proteins that couple mGluR1 to IP3R1, are also reduced in somata and dendrites of some Purkinje cell subpopulations. In contrast, no alterations occur in the levels of mGluR1 and its downstream effectors in the hippocampus, indicating that the changes are region specific. The reduction in cerebellar mGluR1, IP3R1 and Homer 3 levels are neither due to a generic decrease in Purkinje proteins nor extensive dendritic loss as immunoreactivity to total and non-phosphorylated neurofilament H (NFH) is increased in Purkinje dendrites and microtubule associated protein 2 (MAP2) staining reveals a dense dendritic network in the molecular layer of the PMCA2-null mouse cerebellum. PMCA2 coimmunoprecipitates with mGluR1, Homer 3 and IP3R1, suggesting that the calcium pump is a constituent of the mGluR1 signaling complex. Our results suggest that the decrease in the expression of mGluR1 and its downstream effectors and perturbations in the mGluR1 signaling complex in the absence of PMCA2 may cumulatively result in aberrant metabotropic glutamate receptor signaling in Purkinje neurons leading to cerebellar deficits in the PMCA2-null mouse.
Introduction
PMCAs are P-type ATPases that play a major role in expelling calcium from cells. Four isoforms, PMCA1-4, encoded by different genes, have been described (Strehler and Zacharias, 2001) . PMCA isoform 2 is enriched in the brain and heart and is predominantly expressed in neurons (Stahl et al., 1992; Filoteo et al., 1997; Stauffer et al., 1995 Stauffer et al., , 1997 Lehotsky et al., 1999; Burette et al., 2003) . PMCA2 is particularly abundant in Purkinje neurons of the cerebellum and is found both in cell bodies and dendrites (Stahl et al., 1992; Stauffer et al., 1997) . The pivotal role of PMCA2 in the function of the cerebellum is indicated by the phenotype of the PMCA2-null mouse and the deafwaddler 2J (dfw 2J ), a mouse with a spontaneous mutation in the PMCA2 gene which causes null pump activity (Kozel et al., 1998; Street et al., 1998; Penheiter et al., 2001 ). Both PMCA2-null and dfw 2J mice manifest motor deficits and ataxia, which may be partially attributable to cerebellar pathology. In fact, an increase in the density of Purkinje neurons and a reduction in the thickness of the molecular layer in the cerebellum of PMCA2-null mice have been documented (Kozel et al., 1998) . Additional studies further pinpoint the importance of PMCA2 in the function of other CNS regions (Lehotsky et al., 2002) . Loss of motor neurons in the spinal cord of PMCA2-null and dfw 2J mice has recently been reported . Accordingly, PMCA2-null and dfw 2J mice manifest hindlimb weakness and loss of grip strength in addition to the aforementioned neural deficits. A decrease in PMCA2 levels in the inflamed spinal cord of rodents affected by experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis (MS), has also been documented (Nicot et al., 2003 .
Our earlier studies, which focused on the proteomic analysis of the PMCA2-null versus wild type mouse cerebellum, indicated a significant decrease in the levels of IP3R1 (Hu et al., 2006) . This finding was of particular interest as IP3R1 is an effector downstream to mGluR1, a glutamate receptor subtype, which plays a critical role in important cerebellar functions including motor coordination, synaptic plasticity, associative learning and developmental innervation of Purkinje cells by climbing fibers (Ichise et al., 2000; Kano et al., 1997) . Activation of mGluR1 in parallel fiber-Purkinje cell synapses leads to production of IP3, which binds IP3Rs on the endoplasmic reticulum, a key step in the induction of intracellular calcium release and signaling (Knöpfel and Grandes, 2002) . Coupling of IP3R1 to mGluR1 is mediated by Homer proteins, which are components of the molecular scaffold at postsynaptic densities of excitatory synapses (Brakeman et al., 1997; Tu et al., 1998) . This family of small proteins comprises several members including Homer 1a, 1b/c, 2 and 3. Homer 3 is highly expressed in the cerebellum, especially in the dendrites of Purkinje cells, and Homer proteins regulate the localization, expression and function of group I mGluRs Sheng, 1997; Thomas, 2002) . Co-localization of IP3R with Homer 1b/c and PMCA in Purkinje cells has been reported, although the antibodies used could not differentiate between different PMCA isoforms (Sandona et al., 2003) . Our doublelabeling studies also indicated co-localization of mGluR1 with PMCA2 in dendrites of Purkinje neurons (Kurnellas et al., in press) . Furthermore, the co-expression of Ania-3/Homer with PMCA2 in soma and dendrites of hippocampal neurons and the interaction of Ania-3/Homer with the b-splice form of all PMCAs via their PDZ binding domain has been documented (Sgambato-Faure et al., 2006) .
The present studies were undertaken in order to determine the molecular pathways that are affected in Purkinje neurons of PMCA2-null mice with a special emphasis on the mGluR1 signaling pathway and to define a potential link between PMCA2 and the components of the mGluR1-Homer3-IP3R1 complex in the cerebellum.
Results
Previous studies reported an increase in the density of Purkinje neurons and a small but significant decrease (17%) in the thickness of the molecular layer in the cerebellum of PMCA2-null mice as compared to wild type controls, indicating that the lack of PMCA2 induces morphological changes (Kozel et al., 1998) . However, the molecular alterations in the cerebellum of the PMCA2-null mouse have not yet been studied. We undertook novel studies in order to gain an initial insight into this issue. Proteomic analysis of the PMCA2-null cerebellum as compared to the wild type littermates provided the first hints on potential pathways which might be affected. These investigations indicated a decrease in IP3R1 (Hu et al., 2006) . Additional analysis of the proteome by two-dimensional gel electrophoresis followed by mass spectrometry raised the possibility of reductions in Homer 3 levels (unpublished results). As Homer proteins link mGluRs to IP3Rs and mGluR1 is essential for cerebellar function, we further assessed whether levels of mGluR1 and its downstream effectors are reduced in PMCA2-null mouse cerebellum and in which cells and cellular compartments the changes occur.
Levels of mGluR1, Homer proteins and IP3R1 are selectively decreased in the cerebellum of the PMCA2-null mouse To determine whether there are alterations in the levels of mGluR1 and its downstream effectors, we performed Western blot analysis using individual cerebella obtained from PMCA2-null and wild type littermates. There was a significant reduction in mGluR1 (41.0 ± 12.7%, p < 0.03) levels in cerebella of knockout mice as compared to wild type littermates (Fig. 1) . Furthermore, we corroborated the results obtained by proteomic analysis using isobaric tags for relative and absolute quantitation (iTRAQ) and confirmed the decrease in IP3R1 levels by Western analysis (40 ± 2.4%, p < 0.0004). As mGluR1 and IP3R1 can be physically linked via Homer 1b/c and Homer 3, which are abundantly expressed in Purkinje neurons, we further analyzed potential changes in the expression of these proteins Knöpfel and Grandes, 2002; Brakeman et al., 1997) . Antibodies specific for Homer 3 or Homer 1b/c visualized bands at 47 kDa, the expected molecular weight. Levels of Homer 1b/c and Homer 3 were significantly decreased ( Fig. 1 ; 51.9 ± 7.5, p < 0.0004 and 41.8 ± 8.7%, p < 0.002, respectively).
To determine whether the changes in the levels of mGluR1, Homer 3 and IP3R1 are selective to the cerebellum, we examined the hippocampus, another brain region which expresses all three proteins as well as PMCA2. We did not find any significant alterations in the levels of mGluR1, Homer 3 and IP3R1 in the hippocampus of PMCA2 −/− mice as compared to wild type controls (Fig. 2) . These results support the notion that the decrease in the levels of mGluR1 and its downstream effectors selectively occur in the cerebellum.
The reduction in IP3R1 and Homer 3 levels occur in clusters of Purkinje cells and dendrites
To identify the cell types where changes took place, we performed immunocytochemistry on sections of PMCA2 +/+ and PMCA2 −/− mouse cerebellum (Figs. 3 and 4) . In general, IP3R1 staining was predominantly localized to molecular and Purkinje cell layers (Fig. 3A) . The cell bodies of granule neurons did not show staining above background whereas occasional immunopositive fibers could be detected in the granule cell layer and white matter. In wild type mice, most Purkinje somata were IP3R1 positive. Dense and punctate staining was also detectable in the molecular layer (Fig. 3A) . Occasionally, some non-punctate staining could be observed along the proximal apical dendrites. In cerebellar sections of the wild type mouse, IP3R1 staining appeared to be evenly distributed throughout the Purkinje cell and molecular layer of the cerebellum irrespective of the different folia. In contrast, in the PMCA2-null mouse a decrease in the staining intensity was observed in clusters of Purkinje cells especially in regions along the cerebellar sulci (Figs. 3B and 4C) . In these areas, a reduction in staining intensity was evident both in the molecular layer and in somata of Purkinje neurons (Fig. 3B) . On the contrary, the intensity of IP3R1 immunoreactivity did not appear modified in Purkinje neurons and dendrites located in the folial crowns of the PMCA2 −/− cerebellum (Figs. 4A and B). However, in these regions, the staining pattern in the molecular layer of the PMCA2-null mouse cerebellum appeared different than that observed in the wild type. The immunoreactivity was less punctate and concentrated on apical dendrites and many small dendritic branches.
Immunostaining with the anti-Homer 3 antibody in the cerebellum of the PMCA2-null and wild type mice revealed an overall pattern similar to that of IP3R1. In the wild type mouse, the antibody labeled evenly throughout the cerebellum, the somata of Purkinje neurons and the molecular layer. The staining was diffuse in the molecular layer, although some apical dendrites and dendritic branches could be discerned (Fig.  3C) . As in the case of IP3R1, the staining intensity decreased in somata and dendrites of some Purkinje cell subpopulations located close to the cerebellar fissures of the PMCA2-null mouse (Figs. 3D and 4F) . In contrast, strong immunoreactivity could still be detected in Purkinje neurons located in the folial crowns of the PMCA2 −/− and PMCA2 +/+ cerebellum and the molecular layer containing the dendrites of these cells (Figs. 4D and E) . However, in these regions, the staining pattern in the molecular layer of the knockout mouse had a different appearance than the wild type littermates. In contrast to the diffuse staining observed in the molecular layer of the PMCA2 +/+ mouse cerebellum, punctate Homer 3 immunostaining clearly revealed apical dendrites and many branches of the dendritic tree in the PMCA2-null mouse. As reported before, the Homer 3 antibody did not stain cells of other layers including granule neurons or glia .
To determine whether the decrease in Homer 3 and IP3R1 staining could be due to extensive dendritic loss, we labeled adjacent sections with an antibody against MAP2, a dendritic marker, which visualized a complex dendritic network both in wild type and PMCA2-null mouse cerebellum (Figs. 3E and F, respectively) . In the wild type mouse, MAP2 antibody stained weakly the Purkinje cell bodies and strongly many fine processes in the molecular layer. In the cerebellum of the PMCA2-null mouse, in addition to fine processes, many apical dendrites and their main branches showed strong MAP2 immunoreactivity. These results support the notion that the~40% decrease in the levels of Homer 3 and IP3R1 are probably not due to extensive loss of dendrites although some decrease due to loss of dendritic spines cannot be ruled out.
To ascertain that the decrease in mGluR1, Homer 3 and IP3R1 is not due to generic reductions in Purkinje proteins, we stained cerebellar sections with antibodies against total and non-phosphorylated neurofilament H (NFH) (Fig. 5) . In contrast to the aforementioned proteins, both total and, in particular, non-phosphorylated NFH levels show a pronounced increase in respectively. Antibodies specific for each protein recognized bands of expected molecular weights; mGluR1: ∼ 133 kDa, Homer 1b/c and Homer 3: ∼ 47 kDa, and IP3R1: ∼ 240 kDa. α-Tubulin (∼ 50 kDa), remained unchanged and was used as a control for experimental variations. The bottom panel is the schematic representation of two to three experiments combined (n = 6-8). Values in graphs represent mean ± S.E.M. after normalization to α-tubulin. * p < 0.03, * * p < 0.002 and * * * p < 0.0004 by Student's t-test.
the cell bodies and dendrites of Purkinje neurons (Figs. 5A-F), ruling out the possibility of nonspecific decreases in total Purkinje proteins. Importantly, the increase in non-phosphorylated NFH further supports the concept of molecular abnormalities in Purkinje cells of the PMCA2-null mouse as it suggests defects in the cytoskeleton, a possibility that requires further investigation. Interestingly, these latter results are in conceptual agreement with our previous report showing an increase in non-phosphorylated NFH staining in neuronal cultures treated with a PMCA inhibitor . The increase in NFH was not observed in other brain regions such as the substantia nigra (Figs. 5G and H) or the hippocampus (not shown), indicating regional specificity. Thus, in addition to other alterations, lack of PMCA2 may cause cytoskeletal abnormalities in Purkinje neurons.
PMCA2 coimmunoprecipitates with Homer 3, IP3R1 and mGluR1
Homer 3, IP3R1 and PMCA2 are highly enriched in dendrites and spines of the cerebellum (Stauffer et al., 1997; Satoh et al., 1990; Xiao et al., 1998) . Previous investigations indicated that mGluR1-Homer-IP3R form a complex Tu et al., 1998) and that these proteins are co-localized in the same dendritic compartment of Purkinje neurons (Sandona et al., 2003) . Co-localization of PMCA with IP3R1 and Homer 1b/c has also been shown (Sandona et al., 2003) .
To determine whether PMCA2 is physically linked to mGluR1, IP3R1 and Homer 3, we performed coimmunoprecipitation studies by use of wild type cerebellar homogenates and an antibody against Homer 3. Subsequently, we probed the Western blots with antibodies against PMCA2, IP3R1 and mGluR1. We detected bands at the appropriate molecular weights (Fig. 6) . Thus, PMCA2 coimmunoprecipitates with Homer 3, IP3R1 and mGluR1, indicating a physical interaction between all four proteins. We further corroborated these findings, by performing reciprocal studies, in which we immunoprecipitaed cerebellar extracts with an antibody against PMCA2 and probed the Western blots with antibodies against mGluR1, IP3R1 and Homer 3 (Fig. 6 ). As before, we detected bands at the expected molecular weights. These findings suggest that PMCA2 is a component of the mGluR1-Homer 3-IP3R1 signaling complex in the cerebellum.
Discussion
The present study demonstrates specific molecular alterations in Purkinje neurons of the PMCA2-null mouse. The decrease in mGluR1 and IP3R1 in Purkinje somata and dendrites of the PMCA2-null mouse may be particularly important as both receptors play essential roles in cerebellar function including motor coordination, a form of synaptic plasticity called long term depression (LTD), associative learning and synapse elimination during development (Linden et al., 1991; Shigemoto et al., 1994; Ichise et al., 2000; Kishimoto et al., 2002) . In fact, motor dyscoordination is observed in mGluR1-deficient as well as IP3R1 mutant mice (Aiba et al., 1994; Ogura et al., 2001) . Both LTD and associative learning are impaired in the mGluR1 knockout mouse whereas synaptic plasticity is dependent on IP3-mediated release of Ca 2+ in dendritic spines (Inoue et al., 1998; Miyata et al., 2000) . Importantly, our studies indicate that PMCA2, which we previously found to be co-localized with mGluR1 in the molecular layer (Kurnellas et al., in press ), may be a constituent of the mGluR1 signaling complex. This is indicated by the coimmunoprecipitation studies showing association of PMCA2 with mGluR1, Homer 3 and IP3R1. In addition to changes in mGluR1 signaling pathway, we observed increases in total and especially non-phospohorylated NFH immunoreactivity in Purkinje somata and dendrites, which could reflect cytoskeletal anomalies. The combination of the different molecular changes together with more subtle alterations in dendritic morphology (Kozel et al., 1998) could perturb Purkinje cell function in the PMCA2-null mouse.
Lack of PMCA2 might affect Purkinje neurons in various ways. PMCA2 protein is highly concentrated in dendritic spines where the precise control of calcium balance, critical for the proper postsynaptic signaling of Purkinje neurons, occurs (Stauffer et al., 1997) . PMCAs have been implicated not only in the maintenance of basal calcium levels but also in the regulation of local Ca 2+ signaling in cells (Penniston and Enyedi, 1998; Garcia and Strehler, 1999) . Therefore, deficiency in PMCA2 could lead to deregulation of Purkinje cell signaling due to local calcium dyshomeostasis in dendritic spines. However, the studies of Fierro et al. (1998) indicated that the contribution of PMCAs to calcium antibody revealed diffuse immunoreactivity in the ML and strong staining in Purkinje somata (arrows) of the wild type cerebellum (C). The staining was decreased both in cell bodies (arrows) and ML of the PMCA2-null mouse (D). The decrease in immunoreactivity occurred in clusters of Purkinje cells especially along cerebellar sulci (see Fig. 4 ). Immunostaining with an anti-MAP2 antibody revealed the extensive dendritic network both in wild type (E) and knockout mouse (F). n = 4, Bar represents 100 μm.
clearance in Purkinje neurons is modest as compared to that of the Na + /Ca 2+ exchanger and SERCA pumps. These investigators reported that at low intracellular calcium concentrations, the contribution of all PMCAs to calcium clearance in Purkinje cells is 21% whereas at higher calcium levels, it is only 6%. Therefore, in addition to calcium dyshomeostasis, aberrance in additional mechanisms could disturb cerebellar function in the PMCA2-null mouse. For example, the decrease in the levels of mGluR1 and its downstream effectors might reduce the effectiveness of mGluR1 signaling in parallel fiber-Purkinje cell synapses. The 40% decline in the expression of mGluR1 alone may not be enough to cause cerebellar deficits in the PMCA2-null mouse. In fact, previous investigations have shown that mGluR1 heterozygous mice do not exhibit motor deficits or differences in synaptic responses as compared to wild type controls (Conquet et al., 1994) . Moreover, Ichise et al. (2000) showed that introduction of mGluR1 to Purkinje neurons of the mGluR1 knockout mouse can restore normal behavior and function even when the expression of the metabotropic receptor is much lower as compared to the wild type. However, in the case of the PMCA2-null mice, the decreases are not only confined to mGluR1, but are also detected in effectors downstream to this receptor. Consequently, the cumulative effect of reductions in the levels of mGluR1, IP3R1 and additional elements in the signaling complex such as Homer proteins, might weaken Purkinje cell signaling leading to cerebellar dysfunction.
The decrease in mGluR1, IP3R1 and Homer 3 levels could be due in part to downregulation of protein expression and at some extent, the result of dendritic loss. Our immunocytochemical studies using the anti-IP3R1 and anti-Homer 3 antibodies clearly show a weaker staining intensity both in Purkinje somata and the . However, the staining pattern was different in the wild type versus the knockout mouse. Immunoreactivity was mostly diffuse and punctate in the molecular layer (ML) of the wild type cerebellum and concentrated along the dendritic branches in the knockout mouse. (C) The difference in IP3R1 staining in Purkinje cell clusters located along the fissure (white arrowheads) versus those in the folial crowns (black arrowheads) is noticeable in a low magnification picture of a section through the cerebellum of a knockout mouse. Note that the differences are most pronounced in the molecular layer. As in the case of IP3R1, the intensity of Homer 3 staining was strong in the folial crowns of both the wild type (D) and PMCA2-null mouse (E). However, a change in the pattern of the staining could be observed in the (ML). Note that the staining is diffuse in the ML of the wild type cerebellum whereas most immunoreactivity is localized to dendritic branches in the ML of the knockout mouse. The inset in figure E is a higher magnification picture showing the punctate staining in dendritic branches. (F) Low magnification picture of a section through the cerebellum of a knockout mouse showing the difference in staining intensity in the ML and somata of Purkinje neurons located along a fissure (white arrowheads) as compared to folial crowns (black arrowheads). In some regions, indicated by the asterix, immunostaining was completely suppressed. GCL: granule cell layer. n = 4, Bar represents 60 μm for A, B, D and E and 200 μm for C and F. molecular layer. Moreover, strong and dense MAP2 immunoreactivity in cerebellar sections obtained from the same wild type and knockout mice indicates that the reduction in IP3R1 and Homer 3 staining intensity cannot be solely explained by extensive dendritic loss, supporting further the notion of a drop in protein expression. However, Kozel et al. (1998) reported a 17% decrease in the thickness of the molecular layer, which was attributed to reduced dendritic arborization. Our studies do not rule out the possibility that some of the changes observed are due, in part, to more subtle alterations in dendritic morphology such as diminished arborization and spines. It is worth noting that a decrease in the number of the parallel fibers, granule cell axons projecting on Purkinje cells, could also account for the reduction in the thickness of the molecular layer, as the density of granule neurons is diminished in the cerebellum of the PMCA2-null mouse (Kozel et al., 1998) . This could alter the number of synaptic contacts between parallel fibers and Purkinje neuron dendritic spines, as observed in another mouse, the Wriggle Mouse Sagami, which carries a spontaneous mutation in the PMCA2 gene (Inoue et al., 1993) . Thus, reductions in synaptic contacts between parallel fibers and Purkinje dendrites, where mGluR1 activation occurs, could affect the expression and function of the receptor. We found that the distribution of IP3R1 and Homer 3 immunoreactivity in folial crowns of the PMCA2-null mouse appears different than wild type controls. This might either be due to developmental modifications in dendrites, as seen in the Wriggle Mouse Sagami, or relocalization of these proteins along the dendritic shafts. The results indicating the association of PMCA2 with mGluR1 and its downstream effectors are in agreement with other studies showing formation of clusters between PMCA and Homer 1b/c or IP3R1 in the postsynaptic densities of Purkinje cell dendritic spines and shafts (Sandona et al., 2003) and co-localization of mGluR1 with PMCA2 in the molecular layer (Kurnellas et al., in press) . PMCA can couple with Homers via its PDZ (95 kDa postsynaptic protein/discs-large/ZO-1)-binding domain (Sandona et al., 2003; Sgambato-Faure et al., 2006) , which is a protein-protein interaction motif. Homer 1b/c and Homer 3 contain sequences suggestive of PDZ domains although other studies indicate stronger homology to N-terminal EVH1 (Enabled/Vasp homology) domains (Satoh et al., 1990; Xiao et al., 1998; Kato et al., 1998) . PDZ or EVH1 allow the binding of ligands such as group 1 metabotropic receptors and IP3Rs Brakeman et al., 1997; Tu et al., 1998; Kato et al., 1998) . Although Homers have only one ligand binding site, a C-terminal coiled-coil domain enables the A dramatic increase in non-phosphorylated NFH immunostaining is observed both in cell bodies (arrows) and apical dendrites (arrowheads) of Purkinje neurons in the cerebellum of the PMCA2-null mouse. Similarly, total NFH staining is lower in Purkinje neurons of the wild type mouse (C and D, arrows show cells in two different regions) and is increased in somata (E and F, arrows) and dendrites (arrowhead) of the PMCA2-null mouse. The increase in NFH immunoreactivity occurred throughout the cerebellum. Non-phosphorylated NFH staining is not altered in other brain regions including the substantia nigra of the wild type (G) or knockout (H) mouse. Arrows point at some non-phosphorylated NFH immunopositive cells. GCL: granule cell layer. n = 4, Bar represents 150 μm for A and B, 100 μm for C, E, G and H and 60 μm for D and F.
formation of homo-and heteromultimeric complexes. Thus, multimerization can link proteins such as mGluR1 or PMCA2 which are localized to the plasma membrane and IP3Rs found on the endoplasmic reticulum.
Our studies showing a reduction in IP3R1 and Homer 3 immunoreactivity primarily in clusters of Purkinje neurons along the cerebellar fissures of the PMCA2 −/− mice indicate that lack of PMCA2 affects different Purkinje subpopulations in a distinct manner. This is not surprising because a vast number of studies demonstrated that Purkinje cells are not homogenous throughout the cerebellum. This is indicated by the expression patterns of many genes, which show regional heterogeneity (Hawkes and Leclerc, 1989; Hawkes and Turner, 1994; Sotelo and Wassef, 1991; Dusart et al., 1994; Oberdick et al., 1998) , the alterations in the expression patterns of some proteins in pathological conditions including injury (Dusart et al., 1994) , the pattern of Purkinje cell degeneration in mouse models of Niemann-Pick type C disease (Sarna et al., 2003) and the disparity in the rate of Purkinje neuron loss in the anterior versus posterior cerebellum of the mutant leaner mouse (Herrup and Wilczynski, 1982) . The pattern of differential IP3R1 and Homer 3 staining in the PMCA2-null mouse cerebellum follows neither the classical parasagittal stripe and patch patterns reported previously nor correlate with the distribution of PMCA2 staining in the cerebellum of the wild type mouse which appears to be mostly uniform in various regions. Nevertheless, the present findings suggest that distinct Purkinje subpopulations are affected differently by the lack of PMCA2. It remains to be determined whether these selective changes in IP3R1 and Homer 3 immunoreactivities are the consequence of altered connectivity in the cerebellum of the PMCA2-null mouse. In summary, the studies described here suggest that PMCA2 is a component of the mGluR1-Homer 3-IP3R1 signaling complex. Our findings raise the possibility that perturbations in the expression of mGluR1 and its downstream effectors as well as abnormal increases in NFH in Purkinje neurons might be a cause of cerebellar dysfunction in the PMCA2-null mouse. It is worth noting that cerebellar pathology occurs in several neurological diseases including ataxia and multiple sclerosis (Black et al., 2000; Muller et al., 2000; Hickman et al., 2001; Downey et al., 2002; Saab et al., 2004; Li et al., 2004; Pantano et al., 2005) . Therefore, our findings could potentially have relevance to these conditions, a possibility that requires further investigations.
Experimental methods

Animals
PMCA2
+/+ and PMCA2 −/− mice have been previously described (Kozel et al., 1998; Kurnellas et al., 2005) . PMCA2 −/− mice have a normal life span similar to wild type littermates but are smaller in size. All animal protocols were performed according to institutional guidelines.
Immunocytochemistry
Mice were anesthetized by injection of Ketamine/Xylazine and perfused with saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The brains were dissected out, postfixed, cryoprotected in 10 and 20% sucrose and frozen on dry ice. Ten micron sections obtained from Fig. 6 . Coimmunoprecipitation of PMCA2 with mGluR1, Homer 3 and IP3R1 from mouse cerebellum. The upper panel shows pictures of 3-8% Tris-acetate gels and the lower panel are pictures of 10% Bis-tris gels, which were used to separate lower molecular weight proteins such as Homers from the ∼ 60 kDa rabbit IgG heavy chain (arrowheads), described previously . The cerebellar extracts were immunoprecipitated either with an anti-Homer 3 or anti-PMCA2 antibody. The antibody used for immunoprecipitation is indicated above each lane. The blots were probed with antibodies against PMCA2 (∼ 129 kDa), IP3R1, Homer 3 or mGluR1, which detected a band at the expected molecular weight (arrows). NC: is negative control, normal rabbit serum or an unrelated polyclonal antibody as indicated in Methods. PC: is positive control, cerebellum extracts.
brains of PMCA −/− and PMCA2 +/+ littermates were mounted side by side on the same slide. The sections were blocked with either 1.5% or 30% (for SMI-32) heat-inactivated normal horse serum in PBS/0.25% Triton X-100, for 1 h and incubated with an antibody against non-phosphorylated NFH (SMI-32; 1:6000, Sternberger Monoclonal, Berkeley, CA) or total NFH (1:800, Sigma, St. Louis, MO) for 24 h at 4°C or with an antibody against Homer 3 (1:3000, a generous gift of Dr. P. F. Worley; Johns Hopkins University, Baltimore, MD), IP3R1 (1:500, Calbiochem, San Diego, CA) or MAP2 (1:1000, Chemicon, Temecula, CA) for 48 h at 4°C. The sections were then washed with PBS and incubated with the appropriate secondary antibody (1:100). Signal was visualized by use of avidin-biotin complex (Vector, Burlingame, CA) and 3,3′-diaminobenzidine (DAB, Sigma). The sections were then dehydrated in alcohol, treated with xylene and coverslipped.
Western blot analysis
PMCA2
+/+ and PMCA2 −/− mice were sacrificed by exposure to CO 2 .
Cerebella were dissected out and homogenized on ice in eppendorf tubes with a motorized pestle in 200 μl lysis buffer containing 100 mM HEPES (pH 8.0), 150 mM sodium chloride, 0.02% sodium azide, 0.1% sodium dodecylsulfate, 1% IgepalCA 630, 0.5% deoxycholic acid, 0.2 mM phenylmethylsulfonyl fluoride, 2 μg/ml aprotinin, 2 μg/ml leupeptin, 2 μg/ml pepstatin, and 50 mM sodium fluoride. The protease inhibitors were purchased from Sigma. The homogenate was mixed by vortexing for 15-30 s and kept on ice for 15 s. This procedure was repeated 4 times after which the homogenate was sonicated in an ultrasonic bath for 15 s, at lowest frequency, placed on ice for 30 min and centrifuged at 14,000×g for 20 min at 4°C. The supernatant was collected and aliquots were stored at −80°C until use. Protein samples for the assessment of mGluR1 were prepared as above, except homogenates were frozen and thawed at 37°C three times and centrifuged at 6000×g for 1 min at 4°C (Zu et al., 2004) . Total protein concentrations were determined utilizing the BCA protein quantification kit (Pierce, Rockford, IL) according to the manufacturer's instructions. Ten micrograms of total protein obtained from individual cerebella were loaded on gels. Depending on the molecular weight of the protein to be analyzed, 4-20% and 6% Novex Tris-glycine or 3-8% NuPAGE Novex Tris-acetate gels (Invitrogen, Carlsbad, CA) were used. Denaturing electrophoresis was performed for 90 min at 125 V with Trisglycine gels and 60 min at 150 V with Tris-acetate gels. The protein was then transferred onto a polyvinylidene difluoride (PVDF) membrane for 90 min at 25 V for Tris-glycine gels and 60 min at 30 V for Tris-acetate gels. Adequate transfer of proteins onto PVDF membranes was ascertained by staining with BLOT-FastStain (Chemicon), according to manufacturer's instructions. Chemiluminescent immunodetection was employed using a Western Breeze kit (Invitrogen), according to manufacturer's instructions. The dilutions of the primary antibodies were as follows: anti-Homer 3 (1:20,000), anti-Homer 1b/c (1:10,000, Dr. P. F. Worley), anti-mGluR1 (1:2500, BD Biosciences, San Diego, CA), anti-IP3R1 (1:2000), anti-α-tubulin (1:20,000, Sigma) and anti-GAPDH (1:10,000, Calbiochem). Signal was visualized by exposure of membranes to Hyperfilm ECL (GE Healthcare, Piscataway, NJ) or by use of EpiChemi 3 Darkroom Imaging System (UVP Bioimaging Systems, Upland, CA). Between each immunoblot, membranes were stripped with Re-Blot recycling kit (Chemicon), according to manufacturer's instructions. Bands were quantified using the Un-Scan-It software (Silk Scientific, Orem, UT). Values were normalized to housekeeping proteins α-tubulin or GAPDH to correct for experimental variations.
Immunoprecipitation
Wild type mouse cerebellum (~50 mg) was homogenized in 300 or 1000 μl phosphate buffer saline (pH 7.4), 1% Triton X-100 and protease inhibitor cocktail (T-PBS). The homogenate was sonicated 3 times for 10 s and then centrifuged at 16,000×g for 20 min at 4°C. One hundred microliters of cerebellar extract was incubated with 3 μl of polyclonal antibody against Homer 3 or PMCA2 (Abcam, Cambridge, MA) for 4 h or overnight at 4°C. Normal rabbit serum or an unrelated antibody (Calbindin D-28K; Chemicon) served as negative control under the same experimental conditions. Twenty-five microliters of Protein A Sepharose beads (GE Healthcare) was then added. The mixture was incubated for 2 h at 4°C and centrifuged at 380×g for 2 min at 4°C. The pellet was washed 3 times with T-PBS. Protein was eluted with 15 μl of SDS loading buffer. Western blots were performed on either 3-8% Tris-acetate or 10% Bis-tris gels (Invitrogen) as described above and probed with anti-PMCA2 (1:500, BD Biosciences), anti-Homer 3 (1:20,000), anti-IP3R1 (1:2000) and antimGluR1 (1:2500) antibodies.
